In addition to unwinding double-stranded nucleic acids, helicase activity can also unfold noncanonical structures such as G-quadruplexes. We previously characterized Pif1 helicase catalyzed unfolding of parallel G-quadruplex DNA. Here we characterized unfolding of the telomeric G-quadruplex, which can fold into antiparallel and mixed hybrid structures and found significant differences. Telomeric DNA sequences are unfolded more readily than the parallel quadruplex formed by the c-MYC promoter in K ؉ . Furthermore, we found that under conditions in which the telomeric quadruplex is less stable, such as in Na ؉ , Pif1 traps thermally melted quadruplexes in the absence of ATP, leading to the appearance of increased product formation under conditions in which the enzyme is preincubated with the substrate. Stable telomeric G-quadruplex structures were unfolded in a stepwise manner at a rate slower than that of duplex DNA unwinding; however, the slower dissociation from G-quadruplexes compared with duplexes allowed the helicase to traverse more nucleotides than on duplexes. Consistent with this, the rate of ATP hydrolysis on the telomeric quadruplex DNA was reduced relative to that on single-stranded DNA (ssDNA), but less quadruplex DNA was needed to saturate ATPase activity. Under single-cycle conditions, telomeric quadruplex was unfolded by Pif1, but for the c-MYC quadruplex, unfolding required multiple helicase molecules loaded onto the adjacent ssDNA. Our findings illustrate that Pif1-catalyzed unfolding of G-quadruplex DNA is highly dependent on the specific sequence and the conditions of the reaction, including both the monovalent cation and the order of addition. . 2 The abbreviations used are: G4, G-quadruplex; DSB, DNA double-strand break; hTEL, human telomeric DNA; Ac, acetyl; PNA, peptide nucleic acid.
G-quadruplexes (G4) 2 are four-stranded structures that can form when four guanines associate through Hoogsteen hydrogen bonds to form a planar tetrad. Multiple tetrads stack to form a G4 structure, which is stabilized by monovalent cations bound in the central channel (reviewed in Refs. [1] [2] [3] [4] . More stable G4s are formed in K ϩ , which binds between two tetrads, than in Na ϩ , which binds in the center of a tetrad. Li ϩ does not support G4 formation. Inside a mammalian cell, K ϩ is the predominant cation (5) .
Multiple different types of G4 structures can form that are described based on the number of strands (unimolecular/intramolecular, bimolecular, and tetramolecular) and the orientation of the strands. In parallel G4s, each strand runs in the same direction, whereas in antiparallel quadruplexes, the strand directionality alternates. This results in loops that span the outside of a parallel quadruplex ( Fig. S1 ) and simply fold back at the top and bottom of antiparallel quadruplexes. Hybrid quadruplexes have a combination of parallel and antiparallel loops.
DNA and RNA quadruplexes have been visualized in cells (6 -11) . The G4s most likely to form are intramolecular, although bimolecular quadruplexes have been reported such as the RNA-DNA hybrid quadruplex that forms in the mitochondria during the transition from transcription to replication (12) . The promoters of many proto-oncogenes contain GDNA sequences (13), and these form predominantly parallel G4s. The telomeric repeats of eukaryotic organisms are sequences that can form quadruplex structures (14) . The human telomeric sequence (hTEL) forms a mixture of two-hybrid quadruplexes in K ϩ (15) .
Formation of quadruplexes has also been shown to cause genetic instability (16 -20) and potential G4 forming sequences are associated with known breakpoints in the mitochondrial DNA (21) (22) (23) . This suggests that removal of G4s is essential for proper replication to occur. Helicases are the proteins that unwind double-stranded DNA (dsDNA) and a subset of them have been shown to resolve noncanonical secondary structures in DNA including Holliday junctions (24, 25) , triplexes (26, 27) , and quadruplexes (28, 29) . Several DNA helicases have been shown to have G4DNA resolving activity, including human BLM (30) , WRN (31) , and FANCJ (32, 33) , and yeast Pif1 (17) . Pif1 (reviewed in Refs. 34 and 35) localizes to G4DNA sequences at the end of the S phase and these sites are susceptible to double strand breaks (DSB) in the absence of Pif1 (36) . Pif1 has been suggested to resolve G4DNA structures, thereby reducing subsequent formation of DSBs (37) due to unresolved G4DNA persisting through mitosis (38) . In the absence of Pif1, gross chromosomal rearrangements at G4DNA sequences increase (17) . In addition to its role at G4s, Pif1 is a negative regulator of telomerase both at telomeres and DSBs (39) . Pif1 is also involved in Okazaki fragment processing (40) , recombination-dependent telomere maintenance in the absence of telomerase (41), maintenance of mitochondrial DNA (42) , and DNA repair by both homologous recombination (43) and break-induced replication (44) .
Unfolding of intramolecular G4DNAs by Pif1 has been investigated by numerous groups with somewhat conflicting conclusions. Some groups have reported that Pif1 monomers repetitively and rapidly unfold G4DNA structures but do not unwind the dsDNA beyond the G4 (45, 46) . Others have reported that multiple Pif1 molecules slowly unfold the G4DNA and dsDNA beyond (47, 48) , and still others have reported that G4DNA stimulates unwinding of downstream dsDNA (49, 50) . It is likely that these conflicting results are due to differences in G4DNA structures, substrate design, and reaction conditions. We investigated G4DNA unfolding by Pif1 under a variety of conditions with two different quadruplexes that have been previously used to characterize Pif1's activity on G4DNA. The results support the conclusion that reaction conditions and the sequence of the specific G4DNA structures contribute greatly to the experimental outcome. Experiments performed in Na ϩ rather than K ϩ can lead to spurious results. Furthermore, we illustrate that G4DNA does not stimulate unwinding of downstream dsDNA.
Results

Quadruplex structure and stability vary with sequence and salt
The quadruplex forming sequences used most frequently to study Pif1 unwinding are the hTEL sequence and a modified version of the G4DNA sequence in the NHE III 1 of the human c-MYC promoter. This modified version (Table S1 ) contains guanine runs 2-5 of the naturally occurring sequence with guanines 14 and 23 mutated to thymidines to prevent folding of alternative structures (51) . Importantly, this sequence folds into the same structure as the predominant structure formed by the WT sequence (51) (52) (53) . The c-MYC and hTEL G4DNA sequences have been reported to fold into very different structures (51, 54) , which could affect the ability of Pif1 to unfold these structures. G4DNA structures are also affected by the identity of the monovalent cation, which has been quite variable in in vitro experimental conditions with some studies using 50 -60 mM KCl (45, 47) and others using 50 -100 mM NaCl (46, 48, 50, (55) (56) (57) .
The G4 formed by the human telomeric sequence folds into an antiparallel G4 in Na ϩ and a hybrid G4 in K ϩ (Fig. S1, A and  B) . Two different hybrid G4s form, one with a parallel loop as the 5Ј-loop and one with a parallel loop as the 3Ј-loop ( Fig. 1A ) (15, 58) . In a mixture of 139 mM K ϩ and 12 mM Na ϩ similar to that in a cell (called physiological salt here), the telomeric sequence also forms hybrid G4 structures (Fig. S1B ). The one from the human c-MYC promoter folds into a parallel quadruplex in Na ϩ , K ϩ , or a mixture of both salts (Fig. S1 , C and D).
Different G4 structures can have very different stabilities, which could also affect the ability of a helicase to unfold the structures. The melting temperatures of the c-MYC and hTEL G4DNAs were measured (Table 1 and Fig. S2, A and B) . The c-MYC G4DNA is more stable than the hTEL G4DNA and both are more stable in K ϩ than Na ϩ .
Another indicator of quadruplex stability is the ability of the quadruplex to remain folded in the presence of the complementary strand (59) . Quadruplexes were folded in K ϩ , Na ϩ , or a mixture of both and mixed with the complementary strand ( Fig. 1A) to determine the stability of the G4s (Fig. 1, B-D) . Both hTEL and c-MYC are trapped by the complementary strand in Na ϩ but c-MYC is not trapped in K ϩ or a mixture of salts. Some trapping of hTEL occurs in K ϩ solutions; although not to the degree seen in Na ϩ . c-MYC in Na ϩ and hTEL in physiological salt have the same T m (Table 1 , Fig. S2 ) but c-MYC in Na ϩ is trapped more rapidly by the complementary strand. Assuming that similar T m values reflect similar stability, then one way to explain the differences in trapping is that the kinetics of folding and unfolding of the two species are very different. For example, the rates of unfolding and refolding of c-MYC in Na ϩ could be much faster than those of hTEL in physiological salt. Thus trapping of c-MYC in Na ϩ would be expected to occur more rapidly than trapping of hTEL in physiological salt even though the ratio of the folding and unfolding rate constants and therefore the thermal stability is very similar. In this case, the trapping by the complementary strand reflects the kinetics of the equilibrium between the folded and unfolded states as it is easier for a complementary strand (or an enzyme) to gain access to the unfolded ssDNA when these rates are more rapid than when they are slower. Thus, even substrates with the same thermal stability (c-MYC in Na ϩ and hTEL in physiological salt) can have different unfolding rates in the presence of a trapping strand. These data indicate that the c-MYC G4DNA is quite different from the hTEL G4DNA in terms of the stability and that both G4DNAs are much less stable in Na ϩ as they can be trapped simply by the addition of a complementary strand.
Previous investigation of hTEL folding kinetics from multiple laboratories have found that folding is slow in K ϩ and that antiparallel intermediates persist for minutes to hours using CD (15, 60) . Folding of a different version of the c-MYC sequence than utilized here in K ϩ has been shown to be faster than hTEL, but an antiparallel intermediate has been shown to remain for about 5 min (60) . hTEL has also been shown to unfold about 75-fold more rapidly in Na ϩ than K ϩ (about 30 min half-life with 1-5 M complementary PNA in 100 mM Na ϩ and about 40 h half-life in 100 mM K ϩ ) (59) . However, the Balci lab (61) found that hTEL in 100 mM K ϩ was unfolded by 100 nM RPA in about 0.5 s using single molecule FRET. These measurements were all conducted by different approaches. Clearly, dramatic differences are found when different methods are used. PNAs may be limited due to their propensity to self-aggregate, which could slow the apparent capture of melted G4DNA. It has 
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also been reported that unfolding of fully folded G4DNA structures to partially folded intermediates is not always detectable by FRET (15) , indicating that some methods may miss some unfolding events. Based on data in Fig. 1 , the half-lives of both c-MYC and hTEL G4DNA structures in 50 mM Na ϩ with 120 nM complementary strand are both about 0.5 min, whereas the half-life of hTEL in K ϩ is 15-30 min. Very little melting of the c-MYC G4DNA in K ϩ occurred during the time frame of the reaction suggesting that the half-life is likely at least an hour.
Telomeric G4DNA is destabilized during preincubation with the enzyme
Data in Fig. 1 indicates that a complementary strand can trap thermally unfolded structures, particularly in Na ϩ , suggesting that a similar process could occur during preincubation with an enzyme. The high stability of c-MYC in K ϩ (Fig. 1C, Fig. S2 ) may preclude rapid unfolding of G4DNA (47) . We turned our attention to the less stable G4DNA formed by the human telomeric sequence and to conditions in which G4DNA is less stable. We investigated the possibility that hTEL can be melted during the preincubation phase with the enzyme using an assay in which G4DNA unfolding is measured using a duplex reporter assay (47, 48, 55, 57) . The substrate contains a ssDNAbinding site prior to the G4DNA, then a short duplex after the G4DNA ( Fig. 2A ). Using a similar assay, some previous reports have suggested that hTEL unfolding increases downstream duplex unwinding, which involved preincubation of the enzyme with the DNA (55) . Substrates with a 3-nucleotide ssDNA gap between the G4DNA and the dsDNA were designed because dsDNA immediately adjacent to G4DNA has been shown to destabilize the G4DNA structure and a gap of at least 2 nucleotides is required for proper folding (57) . Pif1 cannot load in the 3-nucleotide gap so G4DNA unfolding is required for dsDNA unwinding to occur (47) . However, some previous reports have used substrates with G4 structures immediately adjacent to the dsDNA (46, 50, 55) even though destabilization of the G4 structure has been reported for such substrates (57) . Additionally, we used a reporter duplex that has a 3Ј-ssDNA overhang because forked duplexes are preferred relative to nonforked duplexes by Pif1 (62) (63) (64) . Finally, some of the articles reporting activation of Pif1 dsDNA unwinding by an upstream G4DNA utilized substrates with a fluorophore in the path of the helicase (45, 46, 50) ; we tested the ability of Pif1 to translocate past two common Cy3 modifications and found that Pif1 was blocked by iCy3 but unaffected by Cy3 attached through an NHS ester-amine linkage (Fig. S3 ). . hTEL reporter substrates are partially melted during the preincubation with Pif1. A, G4DNA unfolding by Pif1 is monitored by measuring the rate of unfolding of a short reporter duplex in the presence of protein and annealing traps. After unfolding the G4DNA, Pif1 unwinds the dsDNA, which is forked due to Pif1's preference for forked duplexes. The unlabeled strand is trapped with excess complementary reporter trap, and the products are separated by electrophoresis. B, Pif1 (400 nM) was preincubated for 5 min with 2 nM radiolabeled DNA before loading into one sample port of a rapid chemical quench flow instrument. Time points were initiated by mixing with 5 mM ATP, 10 mM Mg 2ϩ , 60 nM reporter trap, and 10 M T 50 protein trap from the other sample port and quenched with 400 mM EDTA. The incubation time of the enzyme/DNA mixture increased with each successive time point in the reaction. C, unwinding of T 15 reporter in K ϩ (black squares) and Na ϩ (green triangles) was fit to a 4-step sequential mechanism (D) using KinTek Explorer (85) to obtain rate constants for unwinding of 46.0 Ϯ 3.9 and 43.2 Ϯ 3.9 s Ϫ1 , respectively. Data for unwinding the T 15 _hTEL reporter in K ϩ (red circles) and Na ϩ (blue diamonds) could not be fit to a simple n-step sequential mechanism. Data are the result of a single experiment due to the variable preincubation times. D, the reaction scheme describes unwinding by the helicase in a series of n sequential steps. ES, enzyme-substrate complex; EI, intermediate; EP, enzyme-product complex; E, free enzyme; S, substrate; P, ssDNA product. Each step is defined by an unwinding rate constant, k u , and a dissociation rate constant, k d . E and F, Pif1 (400 nM) was preincubated with 2 nM T 15 _hTEL reporter in 50 mM K ϩ (red) or 50 mM Na ϩ (blue) for varying amounts of time before mixing with 5 mM ATP, 10 mM Mg 2ϩ , 60 nM reporter trap, and 10 M T 50 protein trap for 10 s before quenching with 400 mM EDTA. Samples were separated by electrophoresis (G) and plotted to determine the quantity of G4 reporter unwound. The quantity of product formed in a 10-s reaction with ATP increased 19 Ϯ 3% as the preincubation time increased from 15 s to 1 h in K ϩ (red) and 25 Ϯ 2% as the preincubation time increased from 15 s to 1 h in Na ϩ (blue). Data are the average and standard deviation of three independent experiments.
The rates of hTEL unfolding in Na ϩ and K ϩ solutions when the enzyme and substrate were preincubated were measured (Fig. 2 , A-C). Due to the relatively fast rates of T 15 _hTEL reporter melting by Pif1, unfolding rates were measured using a rapid chemical quench flow instrument. Pif1 was preincubated with the substrate in either Na ϩ or K ϩ containing buffer. Each time point was initiated by mixing this solution with ATP in the presence of annealing and protein traps (Fig. 2, B and C) . As a control, the T 15 duplex reporter (with no quadruplex) was unwound to ϳ80% completion in both salts in a single turnover. Data were fit to a 4-step sequential mechanism (Fig. 2D ) based on the known 1-bp step size of Pif1 (63) and considering that the final 8-bp of the duplex spontaneously melt at 25°C (65) . Therefore, only 4-bp of the 12-bp reporter duplex must be unwound by the enzyme.
The T 15 _hTEL reporter in both Na ϩ and K ϩ exhibited a lag phase followed by appearance of ssDNA product. Data for unwinding the T 15 _hTEL reporter in K ϩ and Na ϩ could not be fit to an n-step sequential mechanism ( Fig. 2D ), suggesting that a process in addition to stepping along the substrate is occurring. Because this experiment was performed using a rapid chemical quench-flow instrument, the time that the Pif1 was preincubated with the DNA substrate increased with each time point. Thus, if Pif1 can trap the thermally melted G4DNA in an ATP-independent manner during the variable preincubation period, less G4DNA will be present as the experiment proceeds. This would result in the appearance of greater product formation over time.
To directly determine the degree of ATP-independent unfolding during the preincubation, Pif1 was preincubated with hTEL reporter for increasing times, followed by initiation of the ATP-dependent phase of the reaction for 10 s as depicted in the diagram of Fig. 2E . In Na ϩ , the quantity of product formed in 10 s increased 25% as the preincubation time increased from 15 s to 1 h, and in K ϩ , the quantity of product formed in 10 s increased 19% as the preincubation time increased from 15 s to 1 h (Fig. 2, F and G) . The quantity of product formed in 10 s increased more rapidly in Na ϩ than K ϩ , which is consistent with the faster melting by a complementary strand in Na ϩ than K ϩ (Fig. 1D ). This suggests that during the preincubation time, Pif1 is able to trap these partially melted intermediates, thereby providing the ssDNA overhang necessary for ATP-dependent dsDNA unwinding without the G4DNA structure ( Fig. 3) . Thus, unfolding of the hTEL G4DNA in an ATP-independent manner during the preincubation period could be misinterpreted as rapid, ATP-dependent unfolding.
Measurement of the rate of unfolding of telomeric G4DNA by Pif1
Because ATP independent melting occurs during the preincubation of enzyme with substrate, the rates of T 15 _hTEL reporter and T 15 reporter unwinding were measured without preincubating the enzyme with the substrate (Fig. 4) . The rate constants for unwinding of the T 15 _hTEL reporter were reduced relative to the T 15 reporter. This result supports the conclusion that the G4DNA does not stimulate the activity of Pif1 for unwinding the duplex after unfolding the quadruplex.
However, we note that the mechanism for unfolding G4DNA may differ from unwinding of duplex DNA, making direct comparisons difficult.
The T 15 _hTEL reporter was unwound at a similar rate in both salts and the reaction went nearly to completion in 1.5 s. These conditions were multiturnover, in which multiple molecules of Pif1 can participate in the reaction through multiple binding events. The lack of a large difference in the rates in Na ϩ Figure 3 . Model for ATP independent partial melting of G4DNA. When Pif1 is preincubated with less stable G4DNA structures, particularly those stabilized by Na ϩ , ATP independent trapping of thermally melted G4DNA structures can occur during the time in which the enzyme is preincubated with the substrate, resulting in a long ssDNA overhang on a partial duplex substrate. After addition of ATP, rapid unwinding of the duplex can occur. This can lead to the appearance of increased product formation when an unstable G4DNA structure is present relative to experiments with stable G4DNA structures performed in K ϩ where the G4DNA structure is unaffected by preincubation with the enzyme. were loaded in one sample port of a rapid chemical quench flow instrument and time points were initiated by mixing with 400 nM Pif1 from the other sample port and quenched with 400 mM EDTA, 60 nM reporter trap, and 10 M T 50 protein trap. Samples were separated by electrophoresis (B) and data (C) was fit to a 4-step sequential mechanism, which includes binding steps (D) to obtain rate constants of 120 Ϯ 40, 110 Ϯ 20, 28 Ϯ 7, and 23 Ϯ 2 s Ϫ1 for unwinding of the T 15 reporter in K ϩ (black squares) and Na ϩ (green triangles) and T 15 _hTEL reporter in K ϩ (red circles) and Na ϩ (blue diamonds), respectively. Data are the average and standard deviation of three independent experiments.
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compared with K ϩ indicates that the stability of the folded substrate has less influence on the rate of unfolding in multiturnover reaction conditions compared with reactions in which the enzyme and substrate are preincubated as in Fig. 2 , B and C. By initiating the reaction via addition of the enzyme, the quadruplex did not have an opportunity to be unwound prior to the initiation of the reaction. This suggests that ATP independent melting before initiation of the reaction was indeed contributing to product formation in the reaction which involved preincubation of the enzyme and hTEL substrate (Fig. 2, B and C) .
The rate of ATP hydrolysis by Pif1 is reduced on G4DNA relative to ssDNA
Although the rate of G4 unfolding cannot be compared directly to the rate of dsDNA unwinding on a per bp basis, the rates of ATP hydrolysis on different substrates can be compared. ATP hydrolysis provides the energy for G4DNA unfolding, dsDNA unwinding, and ssDNA translocation. Pif1 hydrolyzes 1 ATP per nucleotide translocated or bp unwound, and all three of these rates are essentially the same (63) . We have previously reported the ATP hydrolysis rates on ssDNA and c-MYC G4DNA (47) and found that ATP hydrolysis was reduced on c-MYC 2-3-fold relative to ssDNA (47) . The rates of ATP hydrolysis stimulated by T 15 ssDNA and T 15 _hTEL G4DNA were measured (Fig. 5 ). The maximal rate of ATP hydrolysis, k cat , was reduced on hTEL G4DNA relative to ssDNA. This is consistent with what we previously observed for c-MYC G4DNA (47) . The K act , or concentration of DNA required to stimulate half of the maximal activity, was also reduced on hTEL G4DNA relative to ssDNA. This is likely due to the increased affinity for Pif1 for G4DNA relative to ssDNA (16, 45, 47) . The reduced rate of ATP hydrolysis on G4DNA relative to ssDNA indicates that G4DNA does not enhance Pif1's catalytic activity.
Pif1 unfolds hTEL G4DNA more slowly but traverses more nucleotides relative to dsDNA
In light of the slower ATP hydrolysis rates on G4DNA relative to ssDNA, and the tight coupling of ATP hydrolysis to duplex unwinding, we anticipate unfolding of G4DNA to be slower than the ssDNA translocation and dsDNA unwinding rates because all of these processes are driven by ATP hydrolysis. To quantitatively measure the rate of hTEL G4DNA unfolding without competing processes such as association of enzyme and substrate interfering, we sought conditions in which Pif1 could be preincubated with the T 15 _hTEL reporter without pre-melting occurring. The degree of ATP independent unfolding of hTEL G4DNA during the preincubation was measured to determine whether Pif1 could be preincubated with T 15 _hTEL reporter G4DNA under conditions with limiting Pif1 concentration. The quantity of product formed in 10 s was low but remained essentially unchanged as the preincubation time increased (Fig. 6 ). These results indicate that subsaturating concentrations of Pif1 can be preincubated with T 15 _hTEL reporter in K ϩ without pre-melting.
These conditions were used to measure the first turnover of hTEL, cMYC, and T 15 reporter substrates by Pif1 (Fig. 7) . Very little product was produced with the T 15 _cMYC reporter, which was not surprising because very little product is produced with saturating concentrations of Pif1 with this substrate (47) . The T 15 reporter was rapidly unwound to about 30% completion. The T 15 _hTEL reporter was also unwound, over a longer time period, to about 20% completion. Data were fit using nonlinear least squares fitting (66, 67) to an n-step sequential mechanism ( Fig. 2D) (68, 69) to determine the minimum number of steps (n) required for unwinding and the rate constants for unwinding (k u ) and dissociation (k d ). The unwinding rate was reduced on the T 15 _hTEL reporter relative to the T 15 reporter, and the dissociation rate was also reduced, consistent with the known tight binding of Pif1 to G4DNA (16, 47) . It should be noted that even though less product is formed with T 15 _hTEL reporter than T 15 reporter, the slower dissociation 
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from the T 15 _hTEL reporter allows Pif1 to traverse more nucleotides than on a duplex before dissociation.
Increasing length ssDNA overhangs result in increased G4DNA unfolding by Pif1
Although product formation with hTEL G4DNA is slower than dsDNA, Pif1 is able to unfold the substrate. However, little unfolding of c-MYC G4DNA that has a ssDNA-loading site of only 15 nucleotides occurs ( Fig. 7) (47) . Others have reported that longer ssDNA-loading sites resulted in unfolding of hTEL G4DNA on almost every encounter (45, 46, 50, 55) . The amplitude of product formation from dsDNA unwinding by Pif1 has been shown to increase when multiple Pif1 molecules can bind to the 5Ј ssDNA-loading site (63) so variations in the length of the ssDNA-binding site could result in large differences in product formation during G4DNA unfolding.
Unfolding of c-MYC G4DNA substrates in a single turnover with increasing lengths of ssDNA-loading sites was measured under excess enzyme conditions (Fig. 8) . As observed previously for dsDNA unwinding (63), the quantity of product increased as the number of Pif1-binding sites increased. The quantities of product formed are reduced with c-MYC G4DNA relative to dsDNA, but increasing the number of bound Pif1 molecules increases product formation. However, the rate of c-MYC G4DNA unfolding was slow relative to dsDNA unwinding and hTEL G4DNA unfolding ( Fig. 7 ), suggesting that Pif1 unfolds G4DNA structures at different rates that are affected by the sequence and stability of the G4DNA structure. However, in both cases, G4DNA unfolding is slower than dsDNA unwinding.
Discussion
Different groups have reported different activities for Pif1 on G4DNA that are possibly substrate and condition dependent and may not reflect ATP-dependent G4DNA destabilization. It has been reported that G4DNA stimulates Pif1 unwinding of dsDNA (50, 55) . We investigated this possibility using a variety of different substrates and reaction conditions and conclude that some conditions do not support stable G4DNA formation, which can lead to the appearance of increased product formation when the enzyme is preincubated with the substrate. Pif1 unfolding of substrates with G4DNA structures followed by forked duplexes is limited by the rate of G4DNA unfolding. For less stable G4DNA structures, our data shows them to be destabilized prior to addition of ATP when preincubated with enzyme, indicating that the helicase is not unfolding the G4DNA structure in an active process but simply trapping ssDNA that transiently forms during preincubation (Fig. 2) . Trapping of unfolded G4DNA by Pif1 produces a substrate with a longer ssDNA overhang, which allows binding of additional molecules of Pif1 (Fig. 3) . The quantity of product formed by Pif1 (63) and some other helicases (70 -74) increases as the length of the ssDNA overhang and the number of bound helicase molecules increases. This gives the appearance of increased product formation but it actually reflects trapping of unfolded G4DNA before ATP is added. Therefore, statements of activation of Pif1 by G4DNA are possibly the result of this phenomenon.
The data in Fig. 2 supports the conclusion that hTEL, particularly in Na ϩ but also in K ϩ , is destabilized during preincubation with excess enzyme resulting in increased product formation when enzyme and G4DNA are preincubated. However, when the reaction is started upon addition of enzyme to the G4DNA, product formation in Na ϩ and K ϩ is similar (Fig. 4) . Thus, preincubation of excess Pif1 with less stable G4DNA 
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results in ATP-independent trapping of the thermally melted G4DNA before initiation of the reaction with ATP (Fig. 3) .
This ATP-independent reaction is sensitive to the stability of the G4DNA because more trapping occurs with hTEL in Na ϩ than K ϩ (Fig. 2) . Similarly, hTEL in Na ϩ is melted faster by a complementary strand than in K ϩ (Fig. 1) . In contrast, c-MYC in K ϩ , which is very stable, does not appear to be melted by a complementary strand (Fig. 1) or during preincubation with the enzyme (Fig. 8) (47) . However, in Na ϩ c-MYC is less stable and some trapping by the complementary strand is observed (Fig. 1) .
Although ATP independent pre-melting is quite sensitive to the stability of the G4DNA structure, ATP-dependent melting appears to be less affected by the G4 stability. hTEL in Na ϩ and K ϩ have different structures (Fig. S1 ) and stabilities (Fig. S2 , Table 1 , and Fig. 1 ) but are unfolded by Pif1 at the same rate ( Fig. 7 ), suggesting that G4 stability is not limiting the G4DNA unfolding rate. For some helicases, such as Dda and RecQ, the stability of the duplex has little to no effect on the rate of dsDNA unwinding (47, 75) . For dsDNA unwinding by highly efficient helicases such as Pif1, the rate of unwinding has been suggested to be limited by the rate of ATP hydrolysis (63) . Likewise, the rate of G4DNA unfolding may be limited by the rate of ATP hydrolysis on G4DNA. The interaction of the helicase with the G4DNA appears to support lower ATPase rates than are supported by purely ssDNA (Fig. 5) (47) . However, the ATPase, at this lower rate, may limit the reaction. Thus, it is possible that quadruplexes, which are below a stability threshold are all unfolded at rates that are dependent on the length of the sequence as opposed to the stability. We suggest that above a certain stability threshold, G4DNA structures are too stable to be readily melted by Pif1 and the unfolding rate decreases (i.e. c-MYC unfolding). Similarly, Pif1 unwinds dsDNA at the same rate as it translocates on ssDNA but it displaces streptavidin bound to biotinylated DNA at a much slower rate (63) . These observations suggest that barriers requiring minimal energy expenditure (dsDNA unwinding) do not reduce the rate of the helicase but barriers requiring more energy (streptavidin displacement or unfolding of highly stable G4DNAs) result in a reduced rate.
G4DNA unfolding rates are difficult to compare directly with dsDNA unwinding rates because it is not known how many Hoogsteen bp must be disrupted by the helicase to cause the structure to collapse. It is possible that only a few bp need to be removed from the G4DNA structure to cause complete unfolding. Telomeric G4DNA structures have previously been suggested to melt with disruption of only a few bp (76) . Additionally, under multiturnover conditions, partial unfolding due to Pif1 activity could expose ssDNA, which could be bound by additional Pif1 molecules resulting in increased dsDNA unwinding (63) through formation of helicase "trains."
The presence of a lag phase for hTEL reporter unfolding indicates that like dsDNA unwinding by Pif1 (63) and other helicases (69), G4DNA unfolding is a stepwise process, as has been suggested recently for DHX36 unfolding of G4DNA (77) . For dsDNA unwinding, each physical step is generally thought to represent movement of a single nucleotide along the DNA lat-tice (78) although each of these physical steps may not be visible kinetically.
As would be expected due to the longer lag phase with the T 15 _hTEL reporter, the apparent number of steps involved in unwinding is greater on the T 15 _hTEL reporter than the T 15 reporter. The ϳ4 steps required for unwinding of the 12 bp T 15 reporter duplex (Fig. 7) is consistent with the known single bp step size for unwinding of dsDNA by Pif1 (63) and the known 8 bp that spontaneously melt at 25°C (79) . Pif1 has previously been suggested to unfold hTEL in 3 steps (45) corresponding to transitions from G4 to triplex, triplex to hairpin, and hairpin to unfolded states. Within these three kinetic steps, it was suggested that Pif1 translocates along the DNA in single nucleotide steps based on the distribution of the dwell times at each state (45) . Our experiments in Fig. 7 suggest Pif1 unwinds the T 15 _hTEL reporter in 5 apparent steps. This is less than the one step per bp that has been observed for dsDNA unwinding by Pif1 (63) , indicating that in addition to multiple slow steps in the kinetic mechanism, additional faster steps may occur. Hence, the number of steps observed here is the minimum number of steps required for hTEL unfolding. After slow removal of 4 -5 nucleotides from the G4 structure, the remaining nucleotides may spontaneously unfold, allowing Pif1 to rapidly translocate on the ssDNA and unwind the downstream dsDNA.
We observed unwinding of the downstream duplex after G4DNA unfolding (Figs. 2, 4, 7, and 8 ) and the rate of the overall reaction appears to be limited by the rate of G4DNA unfolding. However, Zhou et al. (45) observed repetitive unfolding of hTEL G4DNA without unwinding of the downstream duplex. This difference is likely due to differences in the substrate design. The duplex used here is only 12 bp and has a 3Ј ssDNA overhang on the displaced strand to produce a forked duplex. The duplex used by Zhou et al. (45) was 21 bp and was not forked. Pif1 is a nonprocessive helicase, and it preferentially unwinds forked duplexes (62, 63, 80) so the difference in duplex design could have a dramatic effect on Pif1's ability to unwind the duplex.
Unfolding of c-MYC G4DNA is both slower and less efficient than unwinding of dsDNA or hTEL G4DNA ( Figs. 7 and 8 ). Unwinding of downstream dsDNA is limited by either c-MYC or hTEL G4DNA ( Figs. 4 and 7) , which is consistent with the reduced rate of ATP hydrolysis on both hTEL (Fig. 5 ) and c-MYC (47) G4DNA as the k cat , or maximal rate of ATP hydrolysis reflects the movement of the enzyme along the DNA (81) . However, due to the reduced dissociation rate on hTEL G4DNA relative to dsDNA, Pif1 progresses further on the G4DNA (Fig. 7) . This is likely the result of the strong affinity of Pif1 for G4DNA (16, 47) .
Binding energy is sufficient for Pif1 to melt some G4DNA structures, especially in the presence of Na ϩ . A number of proteins readily unfold G4DNA in the absence of ATP, for example, RPA (75) and POT1 (76) . Thus, capture of transient ssDNA can lead to unfolding. DHX36 helicase has been shown to disrupt G4DNA structure upon binding, in the absence of ATP (82) .
Pif1 oligomerization has been investigated carefully by the Galletto lab (64, 83) . They suggested that DNA induced Pif1 G-quadruplex DNA does not stimulate Pif1 activity dimerization (83) . However, they also showed that under conditions where Pif1 is not in excess of the DNA, a monomer of Pif1 can unwind dsDNA (64) . The Xi lab proposed (50, 55) that G4DNA stimulates dimerization of Pif1, which results in increased unwinding of downstream duplex DNA. Preincubation of the enzyme with the substrate is thought to allow the active species to form. However, we found that preincubation can result in ATP independent unfolding of some G4DNAs. Therefore, we developed conditions that allowed preincubation of the enzyme and substrate without inadvertently unfolding the G4DNA (Fig. 6 ). Under these conditions, we do not observe increased duplex unwinding downstream of G4DNA, even when using hTEL, the G4DNA species used by the Xi lab ( Fig. 7) . With a more stable G4DNA species, c-MYC, we observe no duplex unwinding under these same conditions.
There is a general trend that more stable G4DNAs are unfolded more slowly by Pif1, but unfolding of less stable G4DNA structures appears to be limited by other factors. ATPindependent trapping of spontaneously unfolded G4DNA can occur and is limited by the kinetics of the partial unfolding and refolding. We suggest that the rate of ATP-dependent Pif1 catalyzed unfolding of hTEL G4DNA is controlled by the rate of ATP hydrolysis, rather than the stability per se. However, for highly stable G4DNAs, unfolding is limited by the stability. The c-MYC substrate can be unfolded by Pif1 in a single turnover reaction but requires multiple Pif1 molecules to be bound to the substrate. Thus, the relationships between the G4DNA structure and stability with helicase-catalyzed unfolding rates are complex and vary depending on the specific sequence and reaction conditions.
Experimental procedures
Oligonucleotides and protein
Oligonucleotides (Table S1) were purchased from Integrated DNA Technologies and gel purified as described (71) . Oligonucleotides were resuspended in 10 mM Tris-Cl, 1 mM EDTA, pH 7.5, and the concentrations were determined using calculated extinction coefficients (84) . For some experiments, DNA was radiolabeled as described (71) . Salts were added to the indicated concentrations and G4DNA was folded by heating to 95°C for 5 min and slowly cooling to room temperature. Duplexes were formed by adding a 1.2-fold excess of the unlabeled strand and heating as described for G4DNA. Saccharomyces cerevisiae Pif1 was purified as described (63) .
CD
CD spectra of 10 M DNA were obtained using a Jasco J-715 spectropolarimeter. Spectra in K ϩ were obtained in 25 mM Tris-Ac, pH 7.4, 50 mM KCl, 2 mM ␤-mercaptoethanol, 1 mM EDTA. Spectra in Na ϩ were obtained in 25 mM Tris-Ac, pH 7.4, 50 mM NaCl, 2 mM ␤-mercaptoethanol, 1 mM EDTA. Spectra in physiological salt were obtained in 25 mM Tris-Ac, pH 7.4, 135 mM KOAc, 4 mM KCl, 12 mM NaHCO 3 , 2 mM ␤-mercaptoethanol, 1 mM EDTA. Scan speed was 50 nm/min; data were acquired 5 times, averaged, and smoothed using the Savitzky-Golay method after subtracting the spectrum of a sample containing only buffer. Melting curves were measured using a Jasco J-1100 spectropolarimeter at 1°C/min in the same buffers used for CD spectra. Measurements were at 268 nm for c-MYC and 290 nm for hTEL.
G4DNA unfolding by trapping
All concentrations are final, after mixing. The G4DNA substrates were radiolabeled. DNA (2 nM) in the buffers described for CD spectra was mixed with 120 nM annealing trap complementary to the G4DNA. Samples were removed at various times and quenched with 100 mM EDTA, 0.35% SDS, 750 nM unlabeled G4DNA to sequester the annealing trap, and 2 M T 50 . Duplex DNA product was separated from G4DNA substrate by 20% native PAGE, visualized using a Typhoon Trio phosphorimager, and quantified using ImageQuant software. The fraction product formed was fit to a single exponential using Kaleidagraph software.
Excess enzyme reporter assay for G4DNA unfolding
All concentrations are final, after mixing. The reporter (displaced) strand of a substrate containing a ssDNA-loading site, a G4DNA sequence, and duplex reporter (Table S1 ) was radiolabeled. DNA (2 nM) was preincubated with 400 nM Pif1 for 5 min, unless otherwise specified, in the buffers described for CD spectra with the addition of 1 mg/ml of BSA. Reactions were initiated with the addition of 5 mM ATP, 10 mM MgCl 2 , and 60 nM annealing trap. T 50 (10 M) was added with the ATP as a protein trap for all single-turnover reactions. Some reactions had a different order of addition as indicated in the figure legends. Samples were removed at various times and quenched with 200 mM EDTA, 0.7% SDS, 2 M T 50 , 0.1% bromphenol blue, 0.1% xylene cyanol, and 6% glycerol. Reactions in Fig. 2 were performed using a KinTek rapid chemical quench-flow instrument maintained at 25°C. These reactions were quenched with 400 mM EDTA and loading dye (0.1% bromphenol blue, 0.1% xylene cyanol, and 6% glycerol) was added. Multiturnover reactions ( Fig. 4) were quenched with 400 mM EDTA; the receiving vial contained 60 nM annealing trap and 10 M T 50. Samples were separated by 20% native PAGE, visualized using a Typhoon Trio phosphorimager, and quantified using ImageQuant software. For the c-MYC reporters in K ϩ (Fig. 8 ), the fraction of ssDNA product formed was fit to a single exponential equation using Kaleidagraph software. Data in Fig. 2 for the T 15 reporter was fit to a 4-step sequential mechanism (Fig. 2D) using KinTek Explorer Software (85) . Data from multiturnover reactions ( Fig.  4 ) was fit to a 4-step sequential mechanism, which includes binding steps with the association rate constant fixed at diffusion controlled (10 8 M Ϫ1 s Ϫ1 ) ( Fig. 4B ) using KinTek Explorer Software (85) .
Pre-steady state rapid mixing reporter assay for G4DNA unfolding
Pre-steady state reporter assays were performed with a Kin-Tek rapid chemical quench-flow instrument maintained at 25°C. All concentrations listed are final. The reporter (displaced) strand of a substrate containing a ssDNA-loading site, a G4DNA sequence, and duplex reporter (Table S1 ) was radiolabeled and mixed with an equivalent of an unlabeled complementary strand. Radiolabeled duplex was mixed with a 99-fold excess of unlabeled duplex and samples were heated in 100 mM
G-quadruplex DNA does not stimulate Pif1 activity
KCl to 95°C for 5 min before slowly cooling to room temperature. DNA (100 nM) was preincubated with 100 nM Pif1 for 5 min in K ϩ buffer (25 mM Tris-Ac, pH 7.4, 50 mM KCl, 2 mM ␤-mercaptoethanol, 1 mM EDTA, 1 mg/ml of BSA) before mixing the first time point. Reactions were initiated with the addition of 5 mM ATP, 10 mM MgCl 2 . Annealing trap (3 M) complementary to the unlabeled strand was added with ATP to prevent reannealing of the duplex after unwinding. A protein trap (10 M T 50 ) was also added at the initiation of the reaction to prevent rebinding of the enzyme to the substrate after dissociation. The reactions were quenched with 400 mM EDTA at increasing times. Loading buffer consisting of 0.1% bromphenol blue, 0.1% xylene cyanol, and 6% glycerol was subsequently added to each sample. The duplex substrate and ssDNA product were resolved by 20% native PAGE, visualized using a Typhoon Trio phosphorimager, and quantified using ImageQuant software. Data were fit by nonlinear least squares analysis. Product formation in a series of n apparent steps (Fig.  2D ) has been defined by the function f ss (t) in Equation 1 (66, 67) , where k obs is the sum of the unwinding and dissociation rate constants, k u and k d , respectively (Equation 2) and the processivity (P), or average number of bp unwound in a single binding event, is defined by Equation 3. The inverse Laplace transform (L Ϫ1 ) is given by Equation 5 . Triplicate data were globally fit to Equation 5 using the numerical integration software Scientist (Micromath) to obtain values for k u and k d for each individual data set and a single value for n.
ATP hydrolysis
ATPase activity was measured using a spectrophotometric assay in which the hydrolysis of ATP by Pif1 is coupled to NADH oxidation as described (47) .
